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Long measurement times due to low sensitivity are a prime concern in solid-state NMR and limit the application of multidimensional
experiments severely. One possibility to address this problem could be post-experimental suppression of noise and a reduction of the number of
increments needed for higher dimensional data sets. This can be achieved by a hybrid approach based on the combination of separately Fourier
transformed and covariance processed datasets. The method is applied to synthetic sets as well as to experimental two-dimensional homonuclear
solid-state NMR spectra of peptide samples. It is demonstrated that a reduction in experiment time by a factor of 4 can be achieved for the case of a
13C–13C correlation spectrum on the nonapeptide bradykinin.
© 2007 Elsevier B.V. All rights reserved.Keywords: Denoising; Fast NMR; Solid state NMR; MAS; Bradykinin; Covariance1. Introduction
Solid state nuclear magnetic resonance (ssNMR) has deve-
loped rapidly in recent years, and has been applied successfully
for structural investigations of proteins in a microcrystalline or
membrane reconstituted state [1,2].
Amongst the limiting factors of ssNMR are its inherently low
sensitivity, due to low γ of the nuclei which are detected (13C,
15N), and linebroadening caused by anisotropic interactions,
such as homonuclear and heteronuclear dipolar couplings and
chemical shift anisotropies. The resulting small signal-to-noiseAbbreviations: ssNMR, solid state nuclear magnetic resonance; PDSD,
proton driven spin diffusion; DARR, dipolar assisted rotational resonance; DTD,
dual transformation denoising; SPINAL, small phase incremental alteration;
MLF, methionine–leucine–phenylalanine tripeptide; S/N, signal to noise ratio;
FFT, fast Fourier transform
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doi:10.1016/j.bbamem.2007.09.004(S/N) ratio leads to measuring times which become unfeasibly
long for multidimensional experiments. Furthermore, biological
samples (e.g. membrane proteins) tend to have an upper limit in
the concentration at which they can be prepared, limiting the
amount of sample which may be contained in the MAS rotor.
Line broadening also causes a lack in spectral resolution, which
can normally be mitigated by recording spectra of higher dimen-
sionality. The drawback is again an increase in measuring time.
Conclusively, a post experimental processing scheme which
not only enhances the S/N, but reduces the necessary number of
increments in the indirect dimensions of NMR experiments
would be highly desirable, and might well play a key role in
making multidimensional experiments which are routine in
solution state NMR feasible in its solid state counterpart.
Approaches that lead to a reduction in experimental time have
been investigated before in the field of fast multidimensional
solution state NMR. Several strategies to decrease the experi-
mental time needed to obtain a well resolved multidimensional
spectrum have been proposed, including single scan 2D NMR
[3,4], Hadamard spectroscopy [5–7], reduced dimensionality
NMR [8–10], non-uniform sampling methods [11–15] and co-
variance processing [16–18]. Covariance has been used before,
Fig. 1. Schematic diagram of dual transformation denoising: a homonuclear
dataset is processed separately using covariance and Fourier transformations.
The two resultant datasets are then multiplied to yield the final data set featuring
an enhanced signal to noise ratio and reduced truncation artifacts.
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formation of symmetric spectra from heteronuclear experiments
[21–23]. The general applicability of covariance makes it inte-
resting for ssNMR, although in many cases the gain in experi-
mental time is not sufficient to make higher dimensional ssNMR
experiments feasible.
Here, a hybrid approach is suggested which uses the pro-
perties of Fourier and covariance transformations as indicated in
Fig. 1. Two copies of a given homonuclear dataset are sepa-
rately transformed from the time to the frequency domain, using
conventional Fast Fourier transform (FFT) in one case and
covariance transform in the other. The two resulting datasets
are multiplied, and result in a spectrum which, compared to
conventional processing by FFT only, shows overall enhanced
sensitivity and a reduction of truncation artifacts in the indirect
dimension. This noise reduction is possible by utilising the fact
that noise from FFT spectra and from covariance spectra is not
correlated as shown below. For the rest of this paper, we will use
the term Dual Transformation Denoising (DTD) to denote this
processing method.
The multiplication of spectra processed separately by FFT
and with covariance has been used before in another context:
covariance can produce false correlations, which can be mis-
taken as crosspeaks. These artifacts are suppressed by multipli-
cation of the covariance spectrum with the Fourier transform
spectrum. The truncation artifacts in the FFT tend to be strongest
in the vicinity of the diagonal, whereas the artifacts caused by
covariance processing mostly appear well removed from the
diagonal. As a result false peaks from both sources in the multi-
plied spectrum are eliminated (W. Bermel unpublished results).
Another method for artifact suppression was demonstrated
recently, consisting of the application of a step-function mask
derived from the correlation matrix [24]. This suppression of
artifacts is an additional advantage gained by choosing multipli-
cation of the FFT and Covariance spectra in DTD processing.
In this study, the performance of DTD is assessed with the
help of a calculated dataset, designed to show the effects of
signal processing on resolution and sensitivity. The combination
of denoising, with the possibility of t1 truncation (i.e. reduction
of the number of increments in the indirect dimension), isexplored using synthetic datasets. The results of the theoretical
assessment are then compared to experimental homonuclear
correlation spectra on the nonapeptide Bradykinin, a neuropep-
tide activating the B-1 and B-2 receptors [25].
2. Theory
In the following, a short description of covariance, Fourier
transformation and their effect on a set of data is given, to lay
the foundation for further discussions. A detailed treatment of
the theory of covariance can be found in [16].
Covariance transformation is based on the analysis of
correlated changes between signals in a dataset. For the appli-
cation in NMR, a multidimensional spectrum is Fourier trans-
formed for frequency/frequency covariance, or in all but one
dimension for time/frequency covariance. In the former case,
the resultant data set can then be examined for common varia-
tions (i.e. frequencies) along any dimension, whereas in the
latter case the time domain is used for covariance analysis.
The underlying principle is explained most easily using a
2-dimensional data set in which only the direct dimension t2
(the dimension normally featuring the highest digital resolution)
is Fourier transformed, yielding a mixed time/frequency data set
S(t1,ω2):
Sðt1;x2Þ ¼ Re
Z t2;max
0
dt2expðix2t2Þsðt1; t2Þ ð1Þ
Using discrete Fourier transform, Eq. (1) becomes:
Sðk;MÞ ¼ Re
X
m
expðiMmÞsðk;mÞ ð1aÞ
here, the data points recorded in the indirect and direct dimen-
sions, t1 and t2, are given by the indices k and m respectively,
which are denoted K and M upon transformation into the
frequency domain. The frequencyω corresponding to each point
M is given by:
xðMÞ ¼ 2pfðSW=2Þ þ ðSW=MmaxÞ d Mg ð2Þ
where Mmax is the total number of digital points after Fourier
transformation and SW is the sweep width.
The covariance matrix element with indices (M, N) is now
computed according to:
CMN ¼ 1kmax  1
X
k
S k;Mð Þ  hS Mð Þið Þ S k;Nð Þ  hS Nð Þið Þ
ð3Þ
where hSðxÞi ¼ k1max
P
k Sðk; xÞ is a baseline correction factor
to exclude false correlations caused by nonzero row sums along
the indirect dimension, and kmax is the number of increments
recorded in the indirect dimension. The definition of CMN
implies the generation of a symmetric Mmax×Mmax matrix that
features the same resolution in the indirect as in the direct
dimension. Taking the square root of this matrix results in the
final symmetric covariance spectrum [16].
Fig. 2. To demonstrate the effect of denoising, a two-dimensional FID was calculated. The Fourier transformed dataset without added noise shown in (a) features a
symmetric crosspeak pattern where the nth peak off the diagonal has an intensity scaled by
ﬃﬃﬃ
2
p n
. Adding Gaussian noise results in the spectrum shown in (b). The
differences in S/N between adjacent crosspeaks now correspond to halving the number of scans. This allows a detailed inspection of the effect of dual transformation
denoising (c). DTD processing yields an S/N improvement compared to Fourier transformation alone.
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transform generates a pure frequency dataset S(K,M) according to:
SðK;MÞ ¼ Re
X
k
X
m
expðiKkÞexpðiMmÞsðk;mÞ ð4Þ
With the definitions given above, it can be shown that signals
from a diagonal symmetric dataset should remain unaffected by
the choice of transformation, whereas noise (given by a FFT)
and the correlation of noise (given by the covariance) are
affected differently by the separate transformations, as demon-
strated below. This can be used as a means to discern between
real signals and noise contribution.
To highlight the differences in covariance and FFT and how
these can be used to accomplish a reduction in spectral noise, we
consider the two extremes of a diagonal symmetric 2D spectrum
without noise, and one consisting only of noise. A real spectrum
may be considered as the superposition of these two extreme cases.
Consequently, four cases need to be considered: a noiseless
spectrum processed with FFT or covariance (cases 1 and 2) and
noise processed with FFT or covariance (cases 3 and 4).
In the first case, Fourier transformation of a row along the
indirect dimension is achieved by multiplying it with a set of
complex exponential functions as shown in Eq. (4), scanning
over a certain frequency range (the sweep width). All these
function are periodic, as can be seen with the Euler formula
ðexpðixÞ ¼ cosðxÞ þ i sinðxÞÞ.
In the second case, the covariance transform will compare
each spectral row, i.e. the time trace of one point M along all
values of k in a mixed time-frequency set, with itself and every
other spectral row to generate the covariance matrix as outlinedin Eq. (3). As the row index M corresponds to a certain fre-
quency ω(M), as shown in Eq. (2), this can be regarded as an
operation similar to that performed in discrete Fourier transform.
Hence the time traces used in the covariance transform in
principle correspond to the periodic functions used in the FFT.
This comparison omits relaxation and additional amplitude
modulation that may be present in an experimental time trace,
but as the only required property used for further discussion is
the periodicity of the trace, this simplification is valid. Therefore,
when comparing the two transformations in a spectrum devoid
of noise, the position and resolution of peaks will remain
unchanged, yielding a symmetric spectrum.
For a spectrum containing only noise, the set of exponential
multipliers used by the FFT for generating the pure frequency
spectrum (see Eq. (4)) in case 3, and the experimental time
traces covariance uses in case 4 (see Eq. (3)) are very different,
as the rows in case 4 will invariably be time traces consisting
only of noise. These traces show no periodicity whatsoever, as
noise is uncorrelated and thus the multiplication factors used to
arrive at a pure frequency spectrum in cases 3 and 4 are periodic
in one case and stochastic in the other. This dissimilarity leads to
a different shape of the transformed noise in the spectra gene-
rated with FFT and covariance transform.
By multiplication of the resultant spectra, overall noise is
reduced, whereas the signals are enhanced. It is important to
note, that noise after multiplication is still symmetric about zero
but shows a more narrow distribution than the Gaussian noise
from both component spectra. This non-Gaussian noise is used
in the following to define a signal-to-noise ratio which can be
compared to the S/N from FFT spectra to assess sensitivity
improvements.
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3.1. Samples
12C-R-(U13C-15N-PPGFSPF)12C-R bradykinin was synthesized using stan-
dard solid phase synthesis. The tripeptide MLF was bought from Eurisotop.
3.2. Computation
The pseudo-homonuclear spectra shown in Fig. 2 were computed using
Python 2.4, using the module scientific python [26]. The resulting spectra were
imported into NMRPipe [27] and processed using the covariance binary
provided by Rafael Brüschweiler (http://spin.magnet.fsu.edu/software/
covNMR/covNMR.html). Spectra were plotted using GnuPlot 4.0.
Processing of experimental spectra was done in Topspin 1.3 (Bruker,
Karlsruhe) using the au-program ‘covariance’ which is part of Topspin versions
newer than 1.3 (for the 1.3 compatible version, please contact W. Bermel).
The spectra used for measuring buildup curves of MLF were processed
using Topspin 1.3 (Bruker, Karlsruhe). The buildup curves were generated
using Cara 1.8.4 and then evaluated and plotted using Python 2.4. All software
except Topspin 1.3 is open source, public domain, and freely available on the
Internet.
3.3. NMR
All experiments were conducted on a Bruker Avance II 400 MHz
Spectrometer using a 4-mm DVT HXY probe. MAS frequencies of 8 kHzFig. 3. (a) A 13C–13C PDSD spectrum of the nonapeptide bradykinin in lyophilized fo
(240 K, 8 kHz spin rate). The spectrum was processed using FFT in both dimensions. (
FFT or DTD. Slices at 47 ppm are compared. A significant reduction of experimenta
eliminated with 32 scans. The strong diagonal intensity visible in the spectra is a conwere used for Bradykinin spectra and 10 kHz forMLF spectra. The samples were
kept at 240 K during the measurement.
PDSD spectra [28] (mixing time 100 ms) of Bradykinin were recorded using
standard CP (with spinlock field 55 kHz on 1H and 47 kHz on 13C with a spin
locking time of 500 μs). 1H and 13C pulse lengths for 90° tilt angles were
4.47 μs. The mixing time was 100 ms and the protons were decoupled during
acquisition with ∼100 kHz Spinal64 decoupling [29].
For the MLF sample, DARR mixing [30] was employed using a 10-kHz
resonant field during mixing. Values for CP were 47 kHz spin lock for 13C and
57 kHz for 1H with a 700-μs spin lock. 90° pulse lengths of 4 and 3 μs were
employed for 13C and 1H pulses, respectively. Buildup curves were recorded
with mixing times of 1, 5, 10, 25, 50, 100, 150 and 200 ms.
4. Results and discussion
To evaluate the performance of DTDwith respect to S/N ratio,
resolution and truncation artifacts, a calculated dataset is used,
consisting of a grid of Lorentzian peaks placed symmetrically
around the ‘spectrum’ diagonal. The intensities between neigh-
boring peaks are varied by a factor of√2, in order to enable a quick
and simple evaluation of the effect of any processing on S/N
(Fig. 2a). This corresponds to doubling the number of scans in an
experimental spectrum, between adjacent crosspeaks. Gaussian
noise is added to the spectrum in such a way that the S/N of the
peaks in the spectrum ranges from about 1 to 10 (Fig. 2b).rmwas recorded using 256 increments with 64 scans and a mixing time of 100ms
b) The same experiment was repeated with 2, 8 and 32 scans and processed using
l noise is already visible after 8 scans using DTD processing and noise is mostly
sequence of covariance as a column is always autocorrelated with itself.
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to the denoising performance, the suppression of truncation
artifacts and the fidelity of peak intensities.
4.1. Denoising
The DTD processed dataset is shown in Fig. 2c. A comparison
to Fig. 2b shows that the noise is significantly reduced in contrastFig. 4. (a) Evaluation of the signal-to-noise ratio of the synthetic data set shown
in Fig. 2: Signals have been evaluated from the topmost row of the spectra and
plotted, against “number of scans” of the signal, defining the peak with the
lowest S/N as one scan. The signal to noise ratio is plotted against the number of
scans per increment for FFT (squares), DTD (circles) and a power spectrum
(triangles). Lines have been added to guide the eye. (b) Evaluation of the signal-
to-noise ratio for the experimental data shown in Fig. 3: the effect on S/N for the
carbonyl-Cα crosspeak of bradykinin using FFT (squares) and DTD (circles)
processed spectra is plotted over the number of scans. (this corresponds to the
region between 165 and 180 ppm in the slices shown in Fig. 3b).to the Fourier transformed dataset. The results of a dataset popu-
lated by peaks of Gaussian shape showed similar results (data not
shown).
To evaluate the performance of DTD, the S/N ratios of the
individual crosspeaks are plotted in Fig. 4a, for the FFT (see
Fig. 2b) and the DTD (see Fig. 2c) processed sets. Here, the S/N
for FFT and DTD is plotted against the “number of scans”
representing the crosspeak intensities in Fig. 2.
In the simulated spectra the denoising performance of DTD is
readily visible. For the lowest number of scans given in Fig. 4a
the S/N is enhanced by a factor of 2.3. With increasing S/N,
the relative enhancement of DTD over FFT grows, showing
a strong exponential behavior in contrast to the well knownﬃﬃﬃ
2
p
S=N dependency of the Fourier transform spectrum.
An explanation for the dramatic rise in S/N is themultiplication
of the covariance and FFT spectra. As the noise is generally small
in the case of high S/N and uncorrelated between the two com-
ponent spectra, multiplication has a much stronger effect on the
denoising than addition would.
To quantify this effect further, the result of a power processed
spectrum (multiplying the spectrum with itself) is plotted in
Fig. 4a. It can be seen that, for low S/N ratios, the power spectrum
(triangles) offers no significant advantage over the conventional
FFT (squares), as the noise is squared with the signals. The DTD
processing (circles), on the other hand, shows an increase in S/N as
the noise in the two subspectra used for DTD is different, as
outlined above. In the high S/N regime the effect of power
processingmore resembles that of the DTD.Here, the reduction of
noise gained byDTD is only ofminor importance. Themain effect
stems from squaring the spectrum, as the large signals are
proportionally enhanced more strongly than the weak noise.
To confirm these simulations with experimental data, homo-
nuclear correlation spectra of various S/N were recorded using
PDSD spectra [28] of bradykinin. The results of DTD pro-
cessing are compared to those obtained with FFT, as shown for
the slices of three spectra recorded with 2, 8 and 32 scans in
Fig. 3b. From these it can be seen that for 8 scans the S/N is
strongly increased for the DTD processed spectrum, as compared
to the FFTspectrum, whereas the noise is all but eliminated in the
spectrum recorded with 32 scans using DTD processing.
The evaluation of the S/N for the Cα-carbonyl crosspeak for
all spectra recorded on bradykinin is shown in Fig. 4b, plotted
over the number of scans for FFT (squares) and DTD (circles).
As can be seen by comparison of the graphs in Fig. 4a and b,
the plots of S/N(DTD) vs. S/N(FFT) agree well, as the general
denoising is observed in both cases and shows the same trend
with increasing S/N ratio.
4.2. Truncation
To inspect the effect of DTD processing on a truncated
dataset, we truncated the set shown in Fig. 2 to 256, 128, 64 and
32 increments. These spectra were subsequently processed
using the conventional FFT (Fig. 5, upper row) and DTD
(Fig. 5, lower row). It is apparent that the general shape of the
spectrum is not as severely affected by truncation in the case of
DTD as compared to FFT processing, even in the presence of
Fig. 5. Comparison of FFT and DTD on the synthetic data sets shown in Fig. 2, with respect to spectral truncation: The calculated data set was truncated to 256, 128, 64 and 32 increments in the indirect dimension and
then transformed with FFT (upper row) and DTD (lower row). The region shown is the same as the insets in Fig. 2. The broadening of the peaks in the indirect dimension is visible with both processing schemes, but
highly attenuated in the case of DTD.
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Fig. 6. Schematic comparison of direct and template DTD:With direct DTD, both spectra resulting from covariance and FFT processing are multiplied for each mixing
time as outlined in Fig. 1. Template DTD transforms only the spectrum with the longest mixing time, showing all the crosspeaks that can be expected for the chosen
mixing times, using covariance. This spectrum is then used as a template for multiplication with the FFT processed spectra of each mixing time recorded, resulting in a
reduction of noise without compromising the relative peak intensities of the spectra with different mixing times.
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truncated, experimental PDSD spectra (data not shown). This
allowed a reduction of the number of increments, in an PDSD
experiment on bradykinin, by up to a factor of 4 without
introducing truncation artifacts into the spectrum. Thus DTD
provides the advantages of denoising at the same time as fast
NMR for which covariance was originally introduced.
It is worth noting that the S/N ratio of the processed 2D
spectra shown in Fig. 5 improves with fewer increments. This is
a consequence of the short T2 time chosen for the simulation
and is a feature typical for most ssNMR spectra.Fig. 7. Comparison of the experimental 13C–13C buildup rates (corresponding to 1, 5,
have been normalized individually. The FFT processed set of spectra is shown as
processed spectrum for the longest mixing time (50 ms) (template DTD) is shown a
squares (dotted line). The buildup curves of the direct DTD and FFT processed spect
The agreement of FFT and template DTD on the other hand is very good, as expect4.3. Measuring buildup curves using DTD
Although the denoising and artifact suppression character-
istics of multiplication make this approach favorable, there are
also drawbacks to this method. Peak integrals are no longer
quantitative using direct multiplication of FFT and covariance
spectra, and thus do not yield accurate buildup curves when
different mixing times are used to record a set of homonuclear
correlation spectra.
This is not a problem when considering qualitative ap-
plications of homonuclear correlation spectroscopy (e.g. peak10, 25 and 50 ms) for DARR spectra on the tripeptide MLF. The buildup curves
blue circles (solid line). The FFT processed set multiplied with the covariance
s green diamonds (dashed line). The direct DTD processed set is shown as red
ra show similar rates, but differences can be seen for the long range crosspeaks.
ed from the principle of template DTD processing.
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information is required. To solve this problem for buildup curve
evaluation, we propose a slightly different approach to the
multiplication of spectra, which we will call template DTD
(as opposed to the direct DTD discussed above).
Instead of DTD processing all the spectra in the set, only the
spectrum with the longest mixing time (thus showing all
relevant crosspeaks) is DTD processed. The covariance
transformed subspectrum is then used as a spectral “template”
for denoising and artifact suppression by multiplication of all
FFT spectra with this template spectrum, as indicated in Fig. 6.
This gives far better buildup curves of the denoised dataset, as it
amounts to multiplying the individual spectral data points with
the points in the covariance transformed spectrum. This factor is
constant for the whole set, and thus eliminated if relative values
are used for analysis. The resultant buildup curves of a set of
13C–13C DARR spectra [30] are shown in Fig. 7 on the
tripeptide MLF for the Cα and Cβ resonances.
The blue circles (solid line) show the buildup curve derived
from the FFT processed set, the green diamonds (dashed line)
correspond to template DTD set and the red squares (dotted line)
correspond to regular (direct) DTD processing of the individual
spectra.
For most crosspeaks, the template processed and the FFT
sets are in very good agreement. Differences appear in the
case of partial spectral overlap, as with the Phe–Cα/Met-Cα
crosspeak.
In all cases, the agreement between template DTD and FFT
is much better than between the direct DTD and the FFT sets.
An exception to this behavior only occurred for long mixing
times, as covariance spectra in general seem to be less affected
by relaxation decay of the crosspeaks. This leads to a divergence
of FFT and covariance buildup curves, and as a consequence
between the pure FFT and the covariance multiplied sets at long
mixing times (100, 150 and 200 ms, data not shown). We do
not think this poses a problem as mixing times dominated by
relaxation are normally excluded from structural calculations
using the initial rate approximation. Thus the quantification of
peaks is possible using template DTD, keeping the favorable
property of denoising of the direct DTD. Caution is advised in
the case of spectral truncation, as artifacts in the FFT spectrum
could produce false correlations if the spectral template cross-
peaks coincide with the artifact position.
Another option to achieve quantitative buildup curves is using
an FFT processed spectrum as a template for a set of covariance
spectra. We have not investigated this option, as FFT is more
widely used for quantitative analysis as compared to covariance
processing, but this option could provide useful if spectra with
strong truncation artifacts are to be analyzed.
5. Conclusion and outlook
We have demonstrated DTD to be an effective tool which
increases the S/N of a homonuclear spectrum, while at the same
time reducing the number of necessary increments in a given two
dimensional spectrum. This can lead to a significant reduction of
measuring time for homonuclear 2D experiments, as we haveshown for the example of PDSD spectra of bradykinin, recorded
in one fourth of the normal measuring time. Alternatively, the
experimental time could be kept constant by increasing the
number of scans per increment at the expense of the number of
increments recorded. This would make use of the fact that the S/
N improves steeply with a growing number of scans for DTD
processed spectra, while utilising the suppression of truncation
artifacts to compensate for the decreased number of increments.
This should lead to spectra of high quality with an enhanced S/N
ratio.
Although DTD is demonstrated here using a combination of
covariance and FFT on 2D datasets, spectra of higher dimen-
sionality should show the same reduction of measuring time, if a
homonuclear mixing period is included.
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